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Abstract 
This work presents a study related to the achievement of forged billets using plane-shape dies from a 5083 aluminium alloy 
previously processed by the Severe Plastic Deformation (SPD) process known as ECAE (Equal Channel Angular Extrusion). ECAE 
is one of the most well-known SPD processes and in this study, it is going to be employed in order to obtain nano-structured 
starting material. Changes in the microhardness and in the microstructure of the isothermally upset-forged billets have been studied 
after having been processed by ECAE. Isothermal upsetting tests were performed at different values of strain, temperature and 
compression velocity. Furthermore, optical and scanning electron microscopy (SEM) techniques have been utilised in order to 
analyse the final microstructure. As will be shown in this present study, ECAE improves the forgeability of AA-5083 and, after the 
upsetting process, submicrometric grain size material is attained. 
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1. Introduction 
In this work, the forgeability of the isothermal upset 
forging of an AA-5083 aluminium alloy will be studied 
after having been processed by Equal Channel Angular 
Extrusion (ECAE). The ECAE process is a Severe 
Plastic Deformation (SPD) process which allows nano-
structured materials to be obtained [1]. In the case of 
ECAE, the material is extruded through a die which has 
two channels with the same cross-section that intersect at 
an angle, where this generally varies between 90° and 
135°. The material is mainly deformed by a shear strain 
mechanism in the presence of a high hydrostatic pressure 
imposed by the ECAE die [2]. This restriction avoids the 
material fracture and it allows the material to be 
deformed up to much higher values than those which are 
possible to achieve with conventional thermo-
mechanical processes [2]. 
There are in the bibliography a large number of 
technical papers dealing with the finite element 
modelling (FEM) of isothermal forging [3-10]. One of 
the most important conclusions of these works is that 
these 3D FEM simulations are very helpful to design the 
forging dies and to select the process parameters. Some 
of the studied mechanical parts that can be found in the 
bibliography are as follows: blades [8-9], a helicopter 
cylindrical housing [7], a piston skirt [5] and, generally 
speaking, diverse types of parts with a certain level of 
complexity in their geometry [10]. Within the 
bibliography related to experimental isothermal forging, 
there is a lack of studies on the forgeability of 
aluminium alloys although there are some works focused 
on nickel-base superalloys [11-12], aluminium-based 
metal matrix composites [4,13], intermetallic/ceramic 
composites [14] and titanium alloys [15]. In these 
previous works, studies on the microstructure (by means 
of SEM and TEM) and on the flow behaviour are carried 
out as a function of process parameters such as: forging 
temperature, strain and strain rate. 
Nevertheless, as far as it is known, there are only a 
few studies in the present bibliography dealing with 
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parts or billets of starting material that have been 
deformed by SPD processes and subsequently, subjected 
to some plastic deformation process. Some of these few 
studies are mentioned below. 
Chaudhury et al [16] study the effect of the initial 
ECAE process (performed at room temperature and with 
route B) of AA-6061 billets over their subsequent hot 
forging process. One of the most remarkable conclusions 
of this study is that the forgeability of the parts is 
improved in such a way that the forging temperature 
decreases considerably. Lee et al [17] produce a 
magnesium alloy (AZ31) impeller with twisted blades of 
micro-thickness. These researchers propose the 
microstructure refinement of the alloy to be forged 
through four initial ECAE passages at a temperature of 
400 ºC followed by five additional ECAE passages at a 
temperature of 250 ºC and with route B. In [18], Kim et 
al also study the forgeability of AA-6061 after having 
been subjected to a total of eight and twelve ECAE 
passages with route B. The forgeability was analysed by 
means of an isothermal forging at 280 ºC and at a 
velocity of 2·10-3 s-1. 
In this work, an experimental study of isothermal 
upset-forging for a 5083 aluminium alloy will be carried 
out. The starting material has been previously processed 
by ECAE and later on, isothermal forging tests have 
been performed at different values of strain, temperature 
and strain rate. The forgeability of AA-5083 has been 
analysed by means of microhardness measurements in 
all the samples as well as optical and scanning electron 
microscopy (SEM) techniques. 
2. Experimental design 
The AA-5083 billets were previously annealed at 345 
ºC in a furnace and then they were processed by ECAE 
using dies with equal radii of 2 mm. The ECAE process 
conditions were as follows: punch velocity of 50 
mm/min and two passages of the billets with route C. 
After having been processed by ECAE, the billets were 
machined down to a diameter of 8 mm and at a height of 
16 mm. It is very important the surface finish of the 
samples to be forged because differences in it produce 
different values of the friction coefficient with the 
forging dies and thus a higher barrelling of the samples. 
The upset forging tests were carried out at three 
different values of temperature (200 ºC, 275 ºC and 350 
ºC) and compression velocity (1 mm/min, 5 mm/min and 
50 mm/min). Reductions in height down to 2 mm and 4 
mm were selected, which correspond with deformation 
values of 2 and 1.4, respectively. 
Fig 1 shows the set-up of the device utilised to heat 
the forging dies. This heating device includes two 
temperature controllers, two set of electrical resistances 
attached to the dies and ceramic insulation. Before 
performing each forging test, the dies are heated at the 
desired temperature and then the billet is put between 
them but with a low compression force during several 
minutes so that it can reach the adequate temperature 
value. Subsequently, the billet is compressed down to 
the required final height, the dies are opened and the 
billet is cooled in water so as to maintain its structure. 
 
 
Fig. 1. Set-up of die heating device for isothermal upset forging 
3. Mechanical properties analysis 
Fig 2 shows the mean value of microhardness at the 
cross-section of the ECAE processed billet as a function 
of the compression velocity for temperature values of 
200 ºC, 275 ºC and 350 ºC. The microhardness average 
values were obtained from 15 measurements carried out 
throughout the cross-section of the billet. As was 
previously-mentioned in Section 2, the compression 
velocity values employed in the experimental tests were 
as follows: 1 mm/min, 5 mm/min and 50 mm/min. In the 
case of the forging tests at 275 ºC and 350 ºC, the final 
height was 2 mm whereas at 200 ºC, this was 4 mm. 
The initial value of microhardness for the AA-5083 
billets was HV = 82.0 and after having been processed 
by ECAE twice this value increased up to HV = 135.7, 
where the latter was assumed to be a maximum 
microhardness value. 
As can be observed in Fig 2, the highest values of 
microhardness are always obtained for the forging 
experiments at 200 ºC, regardless of the compression 
velocity value employed. In this case, at a compression 
velocity of 5 mm/min, microhardness turns out to be 
slightly lower (HV = 122.8) than at 1 mm/min (HV = 
126.4) and 50 mm/min (HV = 127.6). Microhardness is 
higher at this temperature value because recrystallization 
has not occurred yet and the material microstructure is in 
a recovery state. 
In addition to this, microhardness values obtained for 
the experiments at 275 ºC are higher than those obtained 
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at 350 ºC but in both cases, recrystallization has taken 
place. At 350 ºC, microhardness is lower because of a 
phenomenon of grain growth, which is always 
subsequent to recrystallization. 
Moreover, in the experiment at 275 ºC, it seems to be 
a slight increase in microhardness (HV = 107.3) for the 
highest value of compression velocity (50 mm/min) in 
relation to the other lower values (1 mm/min and 5 
mm/min). With respect to the experiment at 350 ºC, the 
cross-section microhardness value is slightly lower (HV 
= 94.0) at the highest value of compression velocity. 
 
 
Fig. 2. Microhardness at the ECAE processed billet cross-section (CS) 
as a function of the compression velocity for different values of 
temperature 
Fig 3 shows the mean value of microhardness at the 
longitudinal section of the ECAE processed billet as a 
function of compression velocity for temperature values 
of 200 ºC, 275 ºC and 350 ºC. Comparing Figs 2 and 3, 
it can be stated that in most cases (with the only 
exception of the experiment at 350 ºC and for a 
compression velocity of 1 mm/min) the mean values of 
microhardness are higher in the case of longitudinal 
section measurements. 
The effect of compression velocity on the variation in 
microhardness is of little importance except for the 
forging experiment at 350 ºC (only for longitudinal 
section measurement) where a drop in microhardness 
can be observed in the case of the compression velocity 
lowest value. 
 
 
Fig. 3. Microhardness at the ECAE processed billet longitudinal 
section (LONG) as a function of compression velocity for different 
values of temperature 
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Fig. 4. Microhardness of N0 billets for different forging temperature 
values as a function of distance to the billet centre 
Microhardness patterns were studied in order to 
analyse the homogeneity of the latter in the forging 
experiments for non-processed billets (N0; Fig 4) and for 
ECAE processed billets (N2; Figs. 5 to 7). 
Fig 4 shows the microhardness pattern of N0 billets 
for forging temperature values of 200 ºC, 275 ºC and 
350 ºC and final height values of 2 mm and 4 mm, as a 
function of the distance to the billet centre. All the 
experiments shown here were performed at a 
compression velocity of 5 mm/min and the 
measurements were taken at the billet centre and at 
radial distances of 3 mm, 6 mm and 9 mm, this last value 
depending on the billet size. In the case of the forging 
tests at 350 ºC, microhardness values obtained are lower 
than the initial value of AA-5083, which was of HV = 
82.0 (N0 in Fig 4). 
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Fig. 5. Microhardness of N2 billets for forging temperature at 200 ºC 
as a function of distance to the billet centre 
Figs 5 to 7 show microhardness patterns of N2 billets 
for forging temperature values of 200 ºC, 275 ºC and 350 
ºC, respectively, as a function of the distance to the billet 
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centre. All of these experiments were carried out for 
compression velocity values of 1 mm/min, 5 mm/min 
and 50 mm/min. In the experiments at a temperature of 
200 ºC, the forging final height was 4 mm whereas at 
275 ºC and 350 ºC, it was possible to reduce this value 
down to 2 mm. 
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Fig. 6. Microhardness of N2 billets for forging temperature at 275 ºC 
as a function of distance to the billet centre 
It is observed that the lowest HV values are always 
obtained at the centre and then, microhardness increases 
when radial distance increases although in most cases, 
there is a decrease of it at the billet periphery. 
Microhardness value of ECAE processed billets (N2 in 
Figs 5 to 7, which is HV = 135.7) is an upper limit and in 
all cases, microhardness values are lower than this. As it 
was logical to expect, the higher the forging temperature 
is, the lower the microhardness of the forged billets is. 
Therefore, the lowest drop in microhardness occurs at 
200 ºC and as will be shown in the section below, no 
cracks appear in the forged billets at this temperature. 
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Fig. 7. Microhardness of N2 billets for forging temperature at 350 ºC 
as a function of distance to the billet centre  
4. Microscopy analysis 
Figs 8 (a) to 8 (f) show different macrographs of N0 
and N2 forged billets taken with a stereo magnifying 
glass. Figs 8 (a) and 8 (b) show macrographs of N0 and 
N2 surfaces, respectively, from billets forged at 200 ºC 
with a test velocity of 50 mm/min. All the N0 billets 
forged at 200 ºC were fractured and presented cracks on 
their surface whereas in the case of ECAE processed 
billets, it was possible to forge them with no fracture and 
no cracks (see Fig 8 (b)). 
Figs 8 (c) and 8 (d) show macrographs of N0 and N2 
billets, respectively, forged at 275 ºC down to 2 mm. 
Again, all the N0 billets were fractured and on the 
contrary, in the case of N2 billets, it was possible for 
them to be forged with no cracks except for the test at 50 
mm/min, where small cracks appeared. 
Figs 8 (e) and 8 (f) show macrographs of N0 and N2 
billets, respectively, forged at 350 ºC down to 2 mm 
with a velocity of 50 mm/min. Although the temperature 
is higher, it was not possible to forge N0 billets. In the 
case of N2 billets, small cracks appeared in all cases, 
increasing their size as the compression velocity was 
increased from 1 mm/min to 50 mm/min. 
 
(a) (b) 
(c) (d) 
(e) (f) 
Fig. 8. (a) Macrograph of N0 surface forged at 200 ºC down to 4 mm 
with a velocity of 50 mm/min; (b) Macrograph of N2 surface forged at 
200 ºC down to 4 mm with a velocity of 50 mm/min; (c) Macrograph 
of N0 surface forged at 275 ºC down to 2 mm with a velocity of 1 
mm/min; (d) Macrograph of N2 surface forged at 275 ºC down to 2 
mm with a velocity of 5 mm/min; (e) Macrograph of N0 surface forged 
at 350 ºC down to 2 mm with a velocity of 50 mm/min; (f) Macrograph 
of N2 surface forged at 350 ºC down to 2 mm with a velocity of 50 
mm/min 
The microstructure of the cross-section of different 
forged billets was analysed by optical microscopy. In 
order to carry out this, the samples were polished and 
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etched with Barker’s reagent. Micrographs were taken at 
three different zones of the billet cross-section: outer 
zone, intermediate zone and central zone. 
A micrograph of the starting material AA-5083 after 
having been subjected to a thermal treatment of 
annealing at 345 ºC can be observed in Fig 9. 
 
 
Fig. 9. Micrograph at 100x of annealed AA-5083 
Furthermore, Figs 10 (a) to 10 (c) show micrographs 
at 100x of starting material processed twice by ECAE 
and then forged at 200 ºC. In this case, there are a large 
number of deformation bands inside the grains at the 
three zones as the material to be forged has been 
previously deformed by ECAE. At this forging 
temperature, recrystallization has not occurred yet, 
which coincides with the low decrease in microhardness 
shown in Fig 5 and where this means that the ECAE-
processed material forged at 200 ºC is in a recovery 
state. 
 
(a) (b) (c) 
Fig. 10. (a) Micrograph at 100x of N2 cross-section (outer zone) 
forged at 200 ºC with a velocity of 50 mm/min; (b) Micrograph at 100x 
of N2 cross-section (intermediate zone) forged at 200 ºC with a 
velocity of 50 mm/min; (c) Micrograph at 100x of N2 cross-section 
(central zone) forged at 200 ºC with a velocity of 50 mm/min 
(a) (b) 
Fig. 11. (a) Micrograph at 200x of N2 cross-section (central zone) 
forged at 275 ºC with a velocity of 5 mm/min; (b) Micrograph at 200x 
of N2 cross-section (central zone) forged at 350 ºC with a velocity of 
50 mm/min 
Recrystallization phenomenon appears in the forging 
tests at 275 ºC, as can be observed in Fig. 11 (a), where 
new equiaxial grains are nucleated substituting 
deformation bands. In the forging tests at 350 ºC, most of 
the cross-section of the billets present a recrystallized 
microstructure (see Fig 11 (b)), which leads to the drop 
in microhardness shown in Fig 7. 
Scanning electron microscopy (SEM) was used. 
Samples were electropolished with perchloric acid, 
ethanol and glycerine. All the SEM micrographs were 
obtained using backscattered electrons. 
 
(a) (b) 
Fig. 12. (a) SEM micrograph at 25000x of N2 cross-section (central 
zone) forged at 200 ºC with a velocity of 1 mm/min; (b) SEM 
micrograph at 25000x of N2 cross-section (intermediate zone) forged 
at 200 ºC with a velocity of 1 mm/min 
Figs 12 (a) and 12 (b) show SEM micrographs (taken 
at 25000x) of the cross-section of N2 billets forged at 
200 ºC. Fig 12 (a) corresponds to the central zone of the 
material whereas Fig 12 (b) corresponds to the 
intermediate zone. The microstructure is homogeneous 
along the cross-section and the grain size is clearly 
smaller than 1 μm, as can be observed in Figs 12 (a) and 
12 (b). As was above-mentioned, the microstructure is 
not recrystallized yet but it is in a recovery state. A large 
number of small precipitates (in white) is present all 
over the matrix. Energy dispersive spectroscopy (EDS) 
technique was used to analyze the content of these 
precipitates, revealing that they were composed of 
aluminium and manganese. 
 
(a) (b) 
Fig. 13. (a) SEM micrograph at 25000x of N2 cross-section 
(intermediate zone) forged at 275 ºC with a velocity of 1 mm/min; (b) 
SEM micrograph at 25000x of N2 cross-section (outer zone) forged at 
275 ºC with a velocity of 1 mm/min 
Figs. 13 (a) and 13 (b) show SEM micrographs of the 
cross-section of N2 billets, in this case, forged at 275 ºC 
and with a velocity of 1 mm/min. On the one hand, the 
micrograph in Fig. 13 (a) was taken from the material 
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intermediate zone and on the other hand, Fig. 13 (b) 
belongs to the outer zone. As was previously-mentioned, 
recrystallization phenomenon begins at 275 ºC and, at 
this point, the material is in an intermediate state. 
Therefore, recrystallized grains appear covering some 
parts of the matrix and this leads to a different 
microstructure with a higher value of average grain size 
than that obtained in the previous case. 
5. Conclusions 
This work deals with an experimental study on the 
isothermal upset forging of AA-5083. This alloy has 
been previously nanostructured by ECAE at room 
temperature and then, isothermal upset forging tests 
were performed at different process conditions, varying 
true strain, forging temperature and compression 
velocity. Forging temperature values of 200 ºC, 275 ºC 
and 350 ºC were selected and compression velocities 
were as follows: 1 mm/min, 5 mm/min and 50 mm/min. 
It has been shown that the use of ECAE significantly 
improves the forgeability of AA-5083 because 
isothermal forging of annealed AA-5083 as starting 
material was not possible but on the contrary, this is 
possible by employing AA-5083 previously processed 
by ECAE twice. Moreover, microhardness of the 
material so-forged improves as well compared to that 
obtained from forged annealed material. In the case of 
the aluminium alloy AA-5083, it is recommended 
selecting the isothermal forging at 200 ºC since it allows 
the ECAE processed billets to be forged with no cracks 
in any of the velocity cases studied. 
Furthermore, optical microscopy and SEM techniques 
were utilised in order to analyse the microstructure of 
the isothermal forged billets. It is observed that in the 
case of the forging at 200 ºC, where the material is in a 
recovery state, the microstructure is homogeneous and 
the grain size is submicrometric. 
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